ABSTRACT Flash-frozen myocardium samples provide a valuable means of correlating clinical cardiomyopathies with abnormalities in sarcomeric contractile and biochemical parameters. We examined flash-frozen left-ventricle human cardiomyocyte bundles from healthy donors to determine control parameters for isometric tension (P o ) development and Ca 2þ sensitivity, while simultaneously measuring actomyosin ATPase activity in situ by a fluorimetric technique. P o was 17 kN m À2 and pCa 50% was 5.99 (28 C, I ¼ 130 mM). ATPase activity increased linearly with tension to 132 mM s
INTRODUCTION
Intrinsic cardiomyopathies result from inherent myocardial defects, as distinct from extrinsic cardiomyopathies, which are caused by external agents. Many intrinsic cardiomyopathies have been linked to mutations in essential sarcomeric proteins causing malfunction of cellular physiological processes. One approach to studying the physiological effects of these mutations is by protein exchange onto (or extraction from) an animal template (1-3), but the exchange or extraction procedure may affect physiological performance, and these techniques cannot reveal possible compensatory changes in other sarcomeric processes caused by mutantinduced impairment of myocyte function. Transgenic animal studies are not subject to these complications, but are not feasible for human tissue. Instead, cardiomyectomy samples from cardiomyopathic patients with known mutations of sarcomeric proteins provide an alternative approach, allowing clinical and hemodynamic pathology to be better matched with cellular and molecular myocardial abnormalities. To examine the functional consequences of specific mutations in human myocardium, we first determined these parameters for control flash-frozen myectomy samples from healthy donors showing no evidence of irregularities in cardiac performance.
Our human myectomy samples were flash-frozen in liquid nitrogen (77.2 K) and stored in solid CO 2 at 193 K (cryopreservation), as compared to the more conventional method of glycerination for striated muscle storage, where tissue is first loaded with a buffered 50% glycerol solution, then stored at À20 to À25 C (slightly above the freezing point of the glycerol mixture). Glycerol prevents ice crystal formation, which can disrupt cellular structure, damage membrane systems, and impair physiological performance. Optimal cryopreservation, by either flash-freezing (4) or slow cooling in the presence of a cryoprotectant (5) , produces vitrification, a noncrystalline, amorphous solidification of the sarcoplasm that is a less deleterious process than ice crystallization (6) . However, flash-freezing in liquid nitrogen causes a gaseous layer to form between the tissue and the liquid nitrogen, which acts as an insulator and significantly slows the freezing process (the Leidenfrost effect), enabling ice crystal growth instead of vitrification and restricting the vitrified region to just a few microns in depth. Nevertheless, skinned myocytes from flash-frozen human myocardium have been used successfully to determine calcium sensitivity and contractile force (7) and ATPase activity (8) , and they show no pronounced differences from fresh tissue in sarcomere regularity or calcium sensitivity (9) . To detect any influence from the Leidenfrost effect on myocardial parameters, we examined the same parameters in porcine myocardium that had been either flash-frozen or preserved by conventional glycerination. Pig heart resembles the human heart in size, anatomy, and function, so porcine myocardium would be expected to show similarities to human tissue in its regulation of activation and its force-generating efficiency.
The properties we examined were Ca 2þ sensitivity, isometric force generation, stiffness, and ATPase activity.
Previous studies of actomyosin ATPase activity in porcine and human myocardium used either extracted S1 moieties of myosin for in vitro assay or measurement of ADP production in the bathing medium during activation of skinned cardiac preparations (10) (11) (12) . ATPase activity measurements from myosin in solution lack the constraints imposed on the cross-bridge cycle by the lattice structure of the contractile proteins and by the absence of load on the actomyosin intermediates of the cycle, whereas cuvette measurements of ADP production from skinned cells require an estimate of the tissue volume to calculate ATPase activity, are subject to errors in solution transfers, and are unsuitable for timeresolved studies of changes in ATP turnover rate. Griffiths et al. (13) developed an enzyme-linked fluorimetric assay method for frog skeletal muscle fibers in which time-resolved ATPase activity and force were measured simultaneously during contraction. Subsequently, this approach has been applied successfully in rat and toad skeletal muscle (14) and in rabbit psoas (15) . Here, we report a version of this method that permits an in situ study of ATPase activity in cardiac muscle, making use of advances in modern semiconductor technology to simplify and improve the measurements.
METHODS Preparations
Human tissue samples were obtained from Prof. C. Dos Remedios (University of Sydney, Sydney, Australia) via Prof. S. Marston (Imperial College, London). Ethical approval was obtained from St. Vincent's Hospital, Sydney, and the investigation conformed to the principles outlined in the Declaration of Helsinki. Samples of left-ventricular muscle were obtained from adult donor hearts for which no suitable transplant recipient had been found and were immediately frozen in liquid nitrogen and maintained at 193 K until use. The samples have been previously described by Messer et al. (16) . Details of the dissection and preparation of samples are provided in section S.1 of the Supporting Material.
Solutions
Stock solution composition was (in mM) Na 2 ATP, 5; EGTA, 5; imidazole, 20; Mg(OH) 2 , 5.6; potassium propionate, 10; pH 7.0 at 23 C. For Ca-activating solutions, 5 mM CaCl 2 was added and KOH replaced potassium propionate. For ATPase measurements, 10-15 mM phosphoenol pyruvate (PEP) was added, the solution pH was titrated to 7.0 with KOH, then 10-12 mM reduced nicotinamide adenine dinucleotide (NADH) and 500 units/ml pyruvate kinase (PK) and lactate dehydrogenase (LDH) were added (ionic strength of ATPase solutions, 130 mM). For other purposes, potassium propionate was added to replace the ionic strength contribution of PEP and NADH, with a further 1% Triton X100 for preparation of ''skinning'' solutions. Free [Ca 2þ ] was calculated for mixtures of activating and relaxing solutions using a modified form of the method of Perrin and Sayce (17) and checked by using a calcium electrode (Orion 97-20 Ionplus, Thermo Electron, Witchford, United Kingdom).
Experimental setup
Cardiac muscle strips were attached between stainless steel pins projecting from a force transducer (AE 801, sensitivity 0.44 mV mN À1 , resonance frequency 8 kHz; HJK Sensoren und Systeme Verwaltungs, Friedberg, Germany) and a moving coil motor (step time, 180 ms) using cyanoacrylate adhesive. The adhesive was mixed with finely powdered carbon to permit measurement of the precise length of glue-free tissue and to ensure that the ends and circumference of the strip were fixed at the point of contact with the pins. It also removed any fluorescence arising from the adhesive itself. The strip was then immersed in relaxing solution contained in 80-ml glass-walled chambers mounted in a solution-changing device (18, 19) capable of exchanging solutions within 500 ms. Sarcomere length was determined by laser diffraction, using a diode laser beam (l ¼ 670 nm) illuminating a 0.7-mm segment of the strip. For further details, see section S.2 of the Supporting Material, and Fig. S1 .
ATPase activity measurement in skinned cardiac muscle
We used the enzyme-linked assay system shown below: 4 at pH 7.0, 25 C) that favors NADH consumption. The overall reaction is a replenishment of ATP at the expense of NADH and PEP. To ensure that ATP regeneration is fast enough to cope with ATP hydrolysis, we used sufficiently high concentrations of enzymes (500 U/ml) that enzyme levels were not rate-limiting in the ATPase measurements.
Radial diffusion coefficient estimation
We measured the rate of loading of preparations with either NADH or fluorescent dextran (molecular mass 155 kDa). The loading data were fitted to a model of diffusion in a muscle segment of either cylindrical or rectangular cross section using a Levenberg-Marquardt least-squares regression and an adaptive step size Runge-Kutta method (21) to obtain the best-fit value of the radial diffusion coefficient (D). Details are provided in section S.3 of the Supporting Material.
Experimental protocol
Strips were incubated for 30 min in the ATPase assay system to permit enzyme diffusion into the preparation. Longer incubations (up to 24 h) produced no discernible change in the efficacy of the assay. Sarcomere length was adjusted to 2.15-2.30 mm, the long end of the cardiac working range, chosen to maximize force and ATPase activity, although ATPase activity is much less sensitive to sarcomere length than is force (22) . At these lengths, a small resting tension was present in the relaxed state. It could be seen, using electron microscopy of flash-frozen porcine tissue, that tissue structure was well preserved in cryopreserved myocardium (see section S.4 in the Supporting Material). We used an automatic timing system to control data collection, solution changes, and UV illumination. At time zero, the preparation was transferred to a washing chamber (relaxing solution without NADH) for 240 ms, and then to a measuring chamber containing light-grade liquid paraffin (BDH, Poole, United Kingdom) for 60 s, during which time it was exposed to UV radiation (l ¼ 365 nm). Immediately after the measurement, the preparation was relaxed, UV illumination was terminated, and 10 s of background intensity was measured. At the start of the experiment, we measured autofluorescence in relaxing solution without NADH. We then calibrated the fluorescence signal by loading the preparation for 5 min with a known NADH concentration ([NADH]), with Biophysical Journal 97(9) 2503-2512 zero PEP. The difference between calibration and autofluorescence was taken as the fluorescence signal of that [NADH] in the preparation (DF). We then measured fluorescence at different levels of activation in our ATPase assay solutions. Except when the substrate supply was close to exhaustion, NADH fluorescence declined linearly with time, so we used linear-regression curve fitting to obtain the slope of the fluorescence decrease (dF/dt), and obtained ATPase activity as
Fluorescence intensity at >600 nm increased during NADH consumption because of the decreasing NADH absorbance at 365 nm as a result of NADH oxidation. No corrections for source intensity were required. Unless otherwise stated, all experiments were performed at 28 C. At the end of the experiment, the preparation was removed from the experimental chambers, and its length and diameter in both the vertical and horizontal planes were recorded.
Errors in parameters and error bars in figures are standard errors.
RESULTS

Porcine myocardium
Calcium sensitivity was determined from force developed in ATPase assay solutions of differing pCa after stabilization (typically 2-3 min) and minus resting tension. Maximum force (P o ) was measured throughout the experiment to check tissue condition. In most preparations, no decline in P o was evident over a period of several hours. In contrast, there was a noticeable shift in calcium sensitivity toward lower pCa values during long experiments. Active force development was fitted to the equation
using a Levenberg-Marquardt algorithm (21) to obtain calcium sensitivity. The value of K in glycerinated porcine myocardium was 5.87 5 1.29 Â 10 5 M À1 (pK 5.77, n ¼ 13), with a slope (q) of 1.02 ( Fig. 1 A) . Typically, q is 2-3 for cardiac muscle, so to determine whether our experimental conditions had affected q, in five porcine preparations we used creatine phosphate/kinase (CrP/K) to replace lactate dehydrogenase/pyruvate kinase/PEP (LDH/PK). To balance ionic strength for PEP replacement by CrP, we added 60 mM potassium propionate to solutions; the composition was otherwise unaltered. The fitted parameters for the pCa curve with CrP/K were K ¼ 2.63 5 0.81 Â 10 5 M À1 (pK 5.42) and q ¼ 0.93, indicating that selection of the CrP/K ATP regeneration system did not increase q. The lower calcium sensitivity may be partially explained by the Mg 2þ affinity of CrP compared to PEP, causing [Mg 2þ ] to increase from 0.6 mM to 0.9 mM in CrP/K solutions. We also tested for an effect of temperature by working at 20 C. For the LDH/ PK regeneration system, we obtained K ¼ 8.39 5 1.27 Â 10 5 M À1 (pK 5.92, n ¼ 9), q ¼ 0.95; and for CrP/K, K ¼ 7.86 5 1.51 Â 10 5 M À1 (pK 5.90, n ¼ 9) and q ¼ 1.01, showing no pronounced increase in q from a temperature reduction, but a small increase in K, which is insignificant at a 10% probability level. Force-pCa curves constructed for flash-frozen porcine preparations at 28 C yielded K ¼ 6.80 5 1.81 Â 10 5 M À1 (pK 5.83, n ¼ 9) and q ¼ 1.08 ( Fig. 1 A) , indicating that flash-freezing did not cause a significant change in calcium sensitivity of force development (p > 0.5), nor did it alter q appreciably.
P o (pCa 4.6) varied among preparations (6-49 kN m À2 , n ¼ 26), with a mean of 24.74 5 3.55 kN m À2 for glycerinated myocardium and 15.77 5 3.70 kN m À2 (n ¼ 9) for flash-frozen myocardium (p ¼ 0.058). We also compared dynamic stiffness (i.e., the instantaneous force response to a length change; see section S.6 in the Supporting Material,) in calcium-activated and relaxed states using length steps of 0.5-0.8% fiber length. Dynamic relaxed stiffness (Young's modulus) was 974 5 158 kN m À2 for glycerinated (n ¼ 16) and 577 5 59 kN m À2 for flash-frozen myocardium (n ¼ 9), À2 . The similarity of this sample to the stiffness and P o of flash-frozen tissue suggests that the differences between glycerinated and flash-frozen tissue resulted from considerable intrinsic variability among hearts, although our data taken as a whole suggest a possible impairment of force transmission in flash-frozen tissue.
ATPase activity was calculated from NADH consumption at maximum activation. Maximum activity was 183 5 27 mM s À1 for glycerinated (n ¼ 16) and 207 5 41 mM s
À1
for flash-frozen myocardium (n ¼ 6), an insignificant difference of 24 mM s À1 (p ¼ 0.321). Relaxed ATPase activity was 48 5 7 mM s À1 for glycerinated and 64 5 8 mM s À1 for flash-frozen samples. No reduction in this resting ATPase was achieved by addition of 500 mM ouabain (n ¼ 1) and 10 mM azide (n ¼ 2), whereas it was reduced by 11.3% using 400 mM cyclopiazonic acid (n ¼ 1) and by 14.3% using 20 mM thapsigargin (n ¼ 3); it is therefore unlikely that sodium or calcium pump activity in residual membrane systems forms more than a small part of the resting ATPase. Concentrations of 10 mM and 30 mM 2,3-butanedione 2-monoxime (BDM) reduced resting ATPase activity in flash-frozen myocardium to 86 5 8% and 56 5 5% of control (n ¼ 5), respectively. Thapsigargin also reduced maximum Ca 2þ -activated ATPase by 5.1% (n ¼ 2). Since NADH fluorescence declines faster in relaxing than in calibrating solution (i.e., in the absence of the ATP regeneration enzymes; see Fig. 2 ), and since interruption of UV illumination did not slow the rate of resting fluorescence decline, relaxed NADH fluorescence decay cannot arise from bleaching. ATPase activity plotted as a function of tension development showed a linear relationship (Fig. 3 A) with a nonzero intercept on the ordinate at zero force, suggesting that the Ca 2þ -activated actomyosin ATPase is superimposed on some additional NADH consumption. If this resting ATPase were present at the same magnitude in the activated state, it should be subtracted to obtain the true Ca 2þ -sensitive ATPase activity, giving 135 5 23 mM s
for glycerinated and 143 5 40 mM s À1 for flash-frozen tissue. All the parameters determined for cryopreserved and glycerinated porcine tissue are summarized in Table 1 .
We reduced the enzyme units from 500 to 250 U/ml and found that ATPase activity was unchanged, showing that enzyme insufficiency is not rate-limiting in fluorescence decay. In addition, for four glycerinated porcine preparations, we measured ATPase activities in situ and also using a cuvette assay (section S.2 in the Supporting Material). Because of the much larger volume of the cuvette compared to the preparation, more enzyme is available for the linked assay, and therefore enzyme activity cannot be limiting.
NADH consumption in the cuvette was scaled to the NADH consumption rate in the tissue using the ratio of chamber to preparation volume. In these preparations, ATPase activity from the fiber assay was 129 5 21 mM s À1 and from the cuvette assay 112 5 29 mM s À1 , suggesting that enzyme insufficiency did not affect ATPase activity measurements.
Human myocardium
Calcium sensitivity of flash-frozen human myocardium was K ¼ 9.86 5 2.43 Â 10 5 M À1 (pK 5.99, n ¼ 12) and q ¼ 1.18. Fig. 1 Fig. 3 B and Fig. S2 ). This value significantly differs from the corresponding value for porcine tissue at a 10% level (p ¼ 0.055 and 0.047 for glycerinated and flash-frozen porcine tissue, respectively). The mean increase in ATPase activity on full activation was therefore 91 5 12 mM s À1 . Human myocardium mechanical parameters were smaller than those determined for glycerinated porcine muscle. In relaxed myocardium, tension and stiffness are determined by passive elastic elements composed of titin and collagen. Flash-freezing-induced damage to passive elasticity should be apparent in the passive tension dependence on sarcomere length. Fig. 4 A shows passive tension from 10 glycerinated porcine and 3 human myocardium samples at pCa 9 versus sarcomere length (s). Lines show the fitted function as k . The similarity of the curves (k ¼ 5. Àk for human myocardial tissue) suggests that passive elasticity is present in both with similar length dependence and in similar abundance in both tissues. Cross-bridge formation increases the total myocardial stiffness because of additional parallel elasticity within the cross-bridge linkages. If passive and cross-bridge elastic elements are present in approximately constant proportions in the sarcomere, the passive/crossbridge dynamic stiffness ratio should also be constant. If cryopreservation reduced cross-bridge stiffness or damaged passive compliance, this ratio should be altered. We calculated this stiffness ratio as a function of sarcomere length for 12 glycerinated and 5 flash-frozen porcine preparations and 3 human myocardium samples (Fig. 4 B) . The ratio increases at long sarcomere lengths, because cross-bridge stiffness falls and passive stiffness increases at reduced filament overlap. We chose rigor as the cross-bridge bound state to avoid effects of the sarcomere length on force and calcium ion affinity of the regulatory proteins, which are present in the Ca 2þ -activated state. All three types of preparation showed similar stiffness ratios and sarcomere length dependency, suggesting that cryopreservation did not alter the relative amounts of passive and cross-bridge elastic elements in the tissues.
Myofilament lattice effects on ATPase measurements
The linked assay system requires that substrate diffusion is sufficient to keep pace with ATP consumption. We monitored FIGURE 3 Slope of the NADH fluorescence time dependence has been converted into the rate of ADP production and is plotted as a function of isometric tension for the glycerinated porcine myocardium of Fig. 2 (A) and a flash-frozen human myocardium preparation (B). In both tissues, ATPase activity increases linearly with force (continuous line is a linear regression best fit), but the relation does not pass through the origin due to a residual ATPase activity in the relaxed state. the fluorescence increase during preparation loading in 10 mM NADH solution over intervals from 0.8 to 600 s (Fig. S3) . We estimated the NADH radial diffusion coefficient (D) by curve fitting to these loading data (section S.3 in the Supporting Material). Fiber bundles were not perfectly cylindrical, so we used mean diameter to apply the cylindrical solution (Eq. S3) and maximum and minimum diameters when applying the rectangular solution (Eq. S4). We estimated the attenuation coefficient of light passing through glycerinated porcine heart as 5617 5 620 m À1 (equivalent to 7.7 mM NADH, l ¼ 365 nm). Using this value for five human preparations and eight porcine, the mean cylindrical D was 2. 18 . Conservatively taking the lower value, the half-time for NADH loading of a 300-mm-diameter fiber bundle is 6.5 s at 28 C. Because of the size of the muscle sample (70-120 mg) required for a tissue attenuation measurement, we did not attempt detergent treatment, which may have lowered tissue absorbance by removal of residual myoglobin. Reduced tissue absorbance would increase fluorescence from the center of the sample and increase radial diffusion coefficient estimates, so the values above may be slightly underestimated.
Disruption of cell membranes causes swelling, lowering the density of myosin filaments in the tissue and reducing measured ATPase activity. Swelling can be determined from the spacing of the equatorial reflections in the x-ray pattern (Fig. S7) , which depends on the myofilament lattice dimensions (section S.5 in the Supporting Material). For five glycerinated porcine cardiac muscle preparations, before Triton treatment at sarcomere length 2.2 mm, we observed a nearest-neighbor thick filament spacing of 46.8 5 0.4 nm. In three porcine preparations after Triton treatment, spacing increased to 50.1 5 0.4 nm, whereas for five human preparations after Triton, spacing was 49.3 5 0.5nm. Millman reports that the mammalian intact myocardium spacing is 43 nm at 2.2 mm sarcomere length (23) , so our values show a lattice volume increase of 15% compared to glycerinated tissue before skinning and 30% compared to intact spacing. ATPase activity measurements should therefore be increased by 15-30% to allow for this lattice swelling when considering in vivo ATP consumption rates. In two experiments with human myocardium, we added 4% dextran T500 to the assay solutions, which restores the original, intact cell lattice spacing by osmotic compression. We found that lattice compression did not affect the linear relation between force and ATPase activity, but slightly increased its slope (13.3%).
DISCUSSION
Many intrinsic cardiomyopathies are directly correlated with mutations in proteins essential to the regulation or generation of tension (24) (25) (26) (27) (28) . Mutations affecting regulation alter the force-pCa curve parameters; those affecting force generation , and force responses in activating solution (pCa 4.6), rigor (middle traces), and relaxing solution (lower trace). In general, rigor tension was close to that of maximum activation, but decreased after any mechanical disturbance. The rigor response here is the slightly larger of the middle two traces. (Right inset) Force-extension plots for the stretch phase of the length change, where rigor is the steepest line and relaxed is the shallowest. Force immediately before the stretch has been subtracted. The slope of the line was obtained as a linear regression of force upon length (dashed lines) and was taken as the dynamic stiffness. Flash-frozen human myocardium, diameter 400-450mm.
Biophysical Journal 97(9) 2503-2512 may change cross-bridge binding, kinetics, or the energetic efficiency of the tissue, detectable in force generation and in the ATP hydrolysis rate; those affecting myocardial elasticity change the stiffness. Once these parameters are established for healthy human cardiac tissue, one may discover which are changed in myectomy samples from cardiomyopathic hearts. However, since our myectomy samples are flash-frozen, we must first evaluate any consequences of cryopreservation for these parameters. Ice crystallization damage can be avoided either by flash-freezing and maintaining at very low temperature (%-80 C) or by first exchanging part of the tissue water for glycerol (glycerination) and subsequent storage at À20
C to À25 C. Although tissue ultrastructure is well maintained by vitrification of cardiac muscle (29) , cryopreservation is less effective in preservation of structure and function in both venous (30) and cardiac tissue (31) . We assessed the effects of cryopreservation by comparing parameters measured in porcine myocardium that had been either cryopreserved or glycerinated, a recognized preservation technique for both cardiac and skeletal muscle preparations, which avoids completely the complications of ice crystallization. Flash-frozen porcine tissue force-pCa curves gave K and q values insignificantly different from those for glycerinated porcine myocardium (6.80 Â 10 5 M À1 , pK 5.83; q ¼ 1.08, compared to 5.87 Â 10 5 M À1 , pK 5.77; q ¼ 1.02), indicating that cryopreservation did not affect porcine Ca 2þ sensitivity. Likewise, both human and porcine cryopreserved tissue gave sarcomere patterns of similar quality to those seen in glycerinated porcine muscle, suggesting that sarcomeric structure and order were not disrupted by the freezing procedure (9) .
Interaction of actin and myosin in striated muscles is regulated by the binding of Ca 2þ to troponin C. Because cardiac muscle troponin contains only one functional regulatory calcium binding site and may exhibit less cooperativity between regulatory and contractile proteins, its force-pCa curve is flatter, yielding a slope (q in Eq. 4) of 2-3, compared with values of 4 or greater for skeletal muscle (32) . Slope values reported here are clustered around unity, implying reduced cooperativity under our experimental conditions. Papp et al. (33) showed that at low pH (6.5) and 10 mM inorganic phosphate, q was reduced from 2.99 (pH 7.2) to 1.00 in nonfailing human myocytes, indicating a q sensitivity to the chemical environment. According to our experiments, our low q values cannot be attributed to temperature, choice of ATP regeneration system, or [Mg 2þ ]. We also failed to find a correlation between q values and tissue dimensions. However, we noted a shift in Ca 2þ sensitivity toward lower pCas over the course of an experiment, which, because force development was averaged over the whole experiment, might account for a force-pCa curve flatter than that prevailing at any isolated moment in an experiment. In addition, the pCa curves in Fig. 2 were obtained by averaging tensions obtained from different preparations which, taking into account any statistical variation in calcium affinity among samples, might also tend to flatten the mean slope of the force-pCa relation. (33) . The range of pK values reflects the different chemical conditions and sarcomere lengths used in the construction of the force-pCa curves, with long sarcomere lengths well known to cause a leftward shift in the pCa-force curve for both skeletal and cardiac muscle (38) (39) (40) (41) .
P o in our experiments was small compared to both skeletal muscle and isolated cardiac myocytes, but was consistent with the value of 7.8 kN m À2 for porcine muscle strips (34) , and 18.6 kN m À2 (12) and 26.9 kN m À2 (37) for human samples. These values must be compared with tensions of 100 kN m À2 developed by isolated human cardiac myofibrils. Because our strips of myocardium have been cut from bulk muscle, estimates of sample cross-sectional area may include regions of muscle lacking mechanical continuity along the whole length of the preparation. However, in skinned myocardial samples from small animals, where trabecular and papillary muscle preparations can be used whole or with minimum dissection, the P o is similar to that reported here (P. J. Griffiths, R. Pelc, and L. Carrier, unpublished observations) (42) . Alternatively, the fractional tissue volume occupied by a force-bearing contractile apparatus may vary depending on the relative age and fitness of the donors and on the region of the ventricles from which the samples are obtained. We estimate the fractional volume of both human and porcine myocardium occupied by myofibrils to be~40% (see section S.4 in the Supporting Material), so myofibrillar isometric tension in our samples should be 2.5-fold greater than that determined for the entire crosssectional area.
P o was different in flash-frozen and glycerinated porcine cardiac trabeculae, whereas human myocardium gave isometric tensions similar to those of flash-frozen porcine. Similarly, human passive and active stiffness were less than in glycerinated porcine muscle (59% and 68%, respectively) but similar to flash-frozen porcine tissue (Fig. 5) , suggesting that cryopreservation might impair the axial transmission of tension. The dependence of passive tension on sarcomere length in human and glycerinated porcine tissue is similar (Fig. 4 A) and in agreement with data from others (43) (44) (45) (46) . The ratio of the stiffness increase in rigor (assumed to result from cross-bridge formation) to passive dynamic stiffness was similar in human and both types of porcine preparations, suggesting that the respective force-bearing structures were present in similar proportions and exhibited similar Biophysical Journal 97(9) 2503-2512 mechanical properties (Fig. 4 B , and see section S.6 in the Supporting Material). Likewise, direct comparison of flashfrozen and glycerinated porcine tissue from the same heart yielded similar mechanical parameters. In addition, P o in isolated human cardiac myofibrils from fresh and frozen tissue shows no impairment of tension generation as a result of freezing (47, 48) . Thus, although we cannot rule out an impairment of axial force transmission in flash-frozen tissue, our data might also be explicable by intrinsic variability among hearts with respect to fractional contractile tissue volume or by differing degrees of mechanical continuity, as discussed above.
Maximum ATPase activity in porcine myocardium, excluding that present in relaxing solution, was 135 mM s À1 for glycerinated and 143 mM s À1 for cryopreserved samples, whereas human tissue gave a much smaller activity, 91 mM s À1 , approximately twice the value obtained by Narolska et al. (12) for ventricular muscle at 20 C. Since ATPase activity was unaffected in our porcine samples, and since mechanical parameters were very similar in flash-frozen porcine and human myocardium, suggesting similar fractional volume occupancy, we conclude that ATPase activity is 33-36% lower in human than in porcine myocardium. ATPase activity in both human and porcine myocardia is considerably lower than in skeletal muscle (Rana temporaria sartorius, 435 5 91 mM s À1 , n ¼ 12 at 7 C; rabbit psoas, 306 5 61 mM s À1 , n ¼ 8 at 10 C), because both cardiac preparations contain principally slow isoforms of myosin, and in roughly similar proportions (49, 50) . Resting ATPase was relatively insensitive to SERCA inhibitors thapsigargin and cyclopiazonic acid, the sodium pump inhibitor ouabain, and the aerobic metabolic inhibitor sodium azide. BDM at a concentration of 30 mM suppressed resting ATPase activity by~50%, suggesting that half the resting ATPase activity may be unregulated cross-bridge turnover, or that BDM dephosphorylated a phosphorylation-dependent kinase (51) .
After Triton skinning, nearest-neighbor thick-filament spacing (a) was increased by 15-30%. The sarcomeric volume associated with a single thick filament is ffiffi ffi 3 p =2a 2 s;
where s is the sarcomere length. The value in moles of S1 in this volume is 6l/14.34N, taking 6 as the number of S1s per myosin crown, N as Avogadro's number, a as 50 nm, and l, the width of the A band, as 1600 nm, so that the concentration of S1 is~0.23 mM (assuming the fractional volume occupied by the contractile apparatus to be 100%), giving a total maximum ATP turnover of 0.90-0.80 s À1 for porcine and 0.57 s À1 for human myocardium. This is in agreement with porcine ATP turnover measured by the cuvette assay technique at room temperature (0.48 s À1 (11)), but is up to sixfold lower than corresponding values obtained from smaller species (52) . The considerably higher heart rate in small animals may require a correspondingly higher myosin ATPase activity to drive contraction, whereas similar-sized species (pig and man) have similar ATP turnover rates.
The NADH diffusion coefficient in free solution in 0.1 M phosphate buffer, pH 7.4, at 20 C has recently been measured as 3. À1 is only 57% of this value, probably because of the tortuosity of the diffusion path due to residual extracellular matrix and membrane systems, and to the myofilament lattice. In summary, our findings show that glycerinated and cryopreserved porcine myocardia exhibit similar regulatory and biochemical properties, but mechanical properties differed. Human myocardium mechanical parameters resembled those of flash-frozen porcine myocardium. Differences in mechanical parameters among tissues may be attributed to consequences of the flash-freezing protocol, but more likely are due to variability in fractional volume occupied by the contractile apparatus or differences in the mechanical continuity of the myocardium. ATPase activity is insensitive to the flash-freezing protocol and to the mechanical continuity of the myocardium, and thus, differences between human and porcine cryopreserved myocardium indicate that ATP turnover is slower in human than in porcine tissue.
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